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OVER THE LAST COUPLE OF DECADES, major progress in both in vivo and in vitro preparations and in invasive probe measurements of regional blood flow and oxygenation has led to many advances in the understanding of renal microcirculation and pathophysiology (2-4, 12-14, 23-25, 29, 38, 49 -52, 77, 78, 102-106, 125-127) . Invasive probe technologies have allowed for very precise regional measurements of blood flow and tissue PO 2 that can be monitored over time and during pharmacological and/or physiological interventions. It is worth noting that these measurements are considered precise but not necessarily accurate, because, for example, Doppler flow probes do not measure regional flow in units of milliliters per minute per gram but rather provide relative measurements that can be used to follow changes in regional blood flow. Based on these types of measurements, roles of several endogenous factors in renal physiology and/or pathophysiology have been elucidated (e.g., prostaglandins, nitric oxide, etc.). Such understanding has produced novel hypotheses for intervention or preventive strategies. However, translation to humans has not always been successful (e.g., furosemide to prevent contrast nephropathy) (137) . The availability of noninvasive methods would allow for better translation of findings from experimental models to humans.
Magnetic resonance imaging (MRI) is already well established as a diagnostic imaging modality providing exquisite soft tissue contrast and anatomic detail. Over the last two decades, tremendous advances have been made in terms of improved image quality and spatial coverage. Unlike other diagnostic imaging modalities, contrast in MRI can be modified in a variety of ways. This has led to efficient tissue characterization paradigms. In addition to the inherent contrast properties of MR, exogenous contrast can allow for further refinements in tissue characterization. Many believe that the next revolution in MRI will be one of exogenous contrast agents [e.g., tissue-specific or targeted agents (131) , smart contrast agents that are turned "on" only under specific conditions like the presence of a specific enzyme, etc. (82)]. MRI has a further advantage in that the methodology is equally applicable to small-animal models and hence allows for translation of results from preclinical to human applications.
In addition to anatomic and structural information, MRI provides unique opportunities to probe tissue "function" or "physiological status." Function may mean different things for different types of tissues or organs. In functional brain MRI (fMRI), the term may refer to cognitive brain function. While the actual brain function occurs in neuronal activity, MRI is adept in characterizing the associated hemodynamic responses. Over the last decade, the field of fMRI has grown explosively and is fast becoming a regular feature in the news media. fMRI has diverse applications, such as probing human cognition (80, 139) , understanding how acupuncture may be beneficial (19, 20) , and serving as an expensive "lie" detector (53, 64, 81) . Other organs and tissues within the body are also associated with specific functions and, while their evaluation may not be of interest to the lay audience, they may have significant implications in terms of understanding the physiology and pathophysiology of human disease. This review will elucidate such applications of MRI as applied to the kidney. fMRI of tissue is motivated by the following: 1) to better understand physiology and pathophysiology; 2) to provide more comprehensive characterization of pathological lesions (e.g., clinical or functional significance of ischemic/stenotic lesions); and 3) to provide either a more sensitive index or an early index of disease progression. An improved understanding of pathophysiology should allow for better design of interventions. Also, availability of fMRI techniques should allow for the evaluation of novel therapeutic interventions and preventive maneuvers. For these purposes, it may not be necessary for an fMRI technique to provide quantitative index of function, but the technique should be precise and sensitive to changes in function in response to pharmacological/physiological stimuli.
Before the discussion on specific fMRI methods can begin, it may be useful to review some basic principles of MRI and define some associated terminology.
PRINCIPLES OF MRI
Nuclei, notably hydrogen, that contain unpaired protons or neutrons are associated with a magnetic moment. In the presence of an external magnetic field, these magnetic moments (or spins) will precess about the field with the precessional frequency determined by the characteristic Larmor frequency ( L ϭ ␥B 0 ; ␥ is the gyromagnetic ratio of the nucleus and B 0 is the applied magnetic field strength). The precession of the nuclear spin can be visualized as being similar to the wobbling of a spinning top in the presence of gravity before the top falls over. Hydrogen is the most important biological nucleus because of its abundance in the body in the form of water and lipids. The gyromagnetic ratio for 1 H is 42.57 MHz/T. Because the field strengths commonly used are in the range of a few Tesla, the Larmor frequency is on the order of megahertz, or in the radio frequency (RF) range. The net magnetic field experienced by the nucleus is a sum of the external field applied to the tissue and the much smaller fields generated by the electrons surrounding the nucleus. These additional fields alter the precession frequency of the nucleus by a tiny fraction known as the chemical shift. The value of the chemical shift is characteristic of the molecular group in which the nucleus resides and thus provides a distinctive signature for each metabolite. By analyzing the frequencies present in the MR signal, the investigator can identify the metabolites in the tissue and estimate their concentration. This procedure forms the basis of magnetic resonance spectroscopy (MRS).
As the nucleus precesses about B 0 , its magnetic moment rotates at the Larmor frequency L , producing an oscillating magnetic field. The net magnetic field oscillations generated by all the nuclei in the sample can be detected with an RF receiver coil and constitute the MR signal. The signal will be zero, however, unless a sufficiently large number of the nuclei precess in synchrony. Resonant excitation using external RF energy can be used to establish such synchrony at least on a temporary basis and hence result in a detectable signal. Because the magnetic moments precess about the applied magnetic field, their individual magnetic moments can be expressed as longitudinal (along the applied field) and transverse (perpendicular to the applied field) components. At a state of equilibrium, the net transverse component is zero because of the random distribution of phase. However, because there are slightly more spins aligned toward than against the field, there is a net longitudinal component (can be termed polarization). The magnitude of this longitudinal component is determined by the field strength, and this is the reason higher field magnets result in higher signals. On excitation with RF energy precisely applied at the Larmor frequency and in the direction perpendicular to the applied magnetic field, the longitudinal component will be tipped to the transverse plane. This tipped magnetization (the sum of longitudinal components of all magnetic moments or spins) will be in synchrony, resulting in a detectable signal. The signal will not persist indefinitely, however, because of internuclear and intermolecular forces, which cause a loss of phase coherence among the spins and a corresponding attenuation of the transverse magnetization. The nuclei simultaneously lose energy to their surroundings, resulting in a recovery of the longitudinal magnetization to its equilibrium value. These processes are termed transverse (or T 2 ) and longitudinal (T 1 ) relaxation. Transverse (T 2 ) relaxation processes limit the available acquisition time (typically on the order of few ms) and broaden the spectroscopic line widths. However, because their rates depend on the molecular environment of the nuclei, they can be exploited to produce signal contrast among different tissues in MRI. Timing parameters such as echo time (TE; the time of data acquisition following the excitation pulse) and repetition time (TR; the time between the excitation pulses) are used to control the contrast properties based on T 2 and T 1 , respectively.
Exogenous contrast agents usually enhance the relaxation rates and can be used to improve contrast on MR images. They can also be used as tracers to follow kinetics such as blood flow. Most approved contrast agents consist of gadolinium chelates (63) . Gadolinium is paramagnetic and by binding to organic ligands, it is made biosafe. Such binding also results in slowing of the tumbling rate and hence the shortening of T 1 relaxation times. On the other hand, in the presence of magnetic field inhomogeneities the effective T 2 relaxation time becomes shorter and is termed T 2 *. Like many developments in MRI, T 2 * initially was seen as a problem, only to later become an effective method to enhance contrast (susceptibility-based contrast) and lead to many useful applications. They also form the basis of negative contrast agents such as iron oxide agents (11) . Relaxivity of a contrast agent describes the change in relaxation rate per unit concentration of the agent, or in other words describes the potency of the agent.
To reconstruct an image or spatial distribution of 1 H nuclei, the signal from each point within the tissue must be correctly identified and mapped onto the corresponding point within the image. This is achieved with the use of magnetic field gradients, which alter the Larmor frequency of the nuclei in a spatially dependent manner. Combining these gradients with RF pulses of appropriate bandwidths results in the excitation of 1 H nuclei. Imaging can be performed using two-dimensional (2D) or 3D acquisitions, which involve the excitation of nuclei in a specified slice or slab of tissue, respectively. Once excited, all of the spins within the slice or slab emit signals simultaneously. To produce images, it is necessary to identify the contribution from each point across the slice. This is achieved by encoding spatial information into the phase and frequency of the signal. Both slice-selective excitation and spatial encoding involve the use of magnetic field gradients along the three principal axes. Like digital pictures being described as a collection of pixels (picture elements), MR images are usually thought to be made of voxels (volume elements) determined by the combination of the spatial encoding gradients. The spatial selection process is usually assumed to be involved with static nuclei. However, if the volume of interest includes moving nuclei such as blood, some of the excited nuclei will be transported outside the selected volume. This forms the basis of arterial spin labeling (ASL), an effective method of measuring regional blood flow.
The most common field strength for clinical magnets is 1.5 T. However, 3.0 T is now commercially available and is FDA approved. Lower-field-strength magnets are available mostly for targeted applications such as extremity, open magnets for large or claustrophobic subjects, and interventional purposes, etc. For scanners used specifically for imaging small-animal models and ex vivo samples, higher field strengths are usually preferred to gain signal-to-noise ratio (SNR). These are typically between 4.7 and 14 T. Except for the field strength and the associated Larmor frequency, the rest of the principles remain the same. Because the net magnetization is determined by the field strength, the maximum SNR is limited by the field strength. One way to overcome this fundamental limitation is to polarize the spins by a nonmagnetic process. This is termed hyperpolarization and involves the use of lasers to create the spin polarization (7) . Most of the work to date has been with hyperpolarized noble gases such as 129 Xe and 3 He. However, recent developments have shown the feasibility of 13 C in a water-soluble form (42, 55) .
A more extensive introduction to MRI principles is available elsewhere (Ref. 140 and references therein).
EVALUATION OF RENAL PHYSIOLOGICAL FUNCTION BY MRI
The most commonly used functional parameter is perfusion or regional blood flow expressed in milliliters of blood per second per 100 grams of tissue. MRI can provide quantitative, semiquantitative, or qualitative indexes that can be used to monitor changes in perfusion. For the kidney, the excretory function is an important physiological parameter. These two factors ultimately determine the PO 2 of renal tissue, which has been shown to be a critical factor in the pathophysiology of several renal diseases.
The following is an overview of the general principles involved in the evaluation of perfusion, renal excretory function, and intrarenal oxygenation using MRI. Illustrative examples are provided to highlight renal applications and/or their relevance to an understanding of the underlying renal physiology.
Perfusion
Blood perfusion is a crucial and fundamental physiological process that controls delivery of nutrients to tissue (33) and is therefore a parameter of critical interest in the assessment of tissue viability and function. Conventional in vivo perfusion measurements are based on the administration of exogenous tracers (62) detected by several different imaging techniques, such as X-ray computerized tomography (CT) (45) and positron emission tomography (PET) (40) . These techniques are based on the indicator-dilution methods originally introduced a century ago by Stewart (138) and further developed by Zierler (153) . In practice, this involves introduction of a known quantity of indicator into the system under study and measurement of the concentration of the indicator as a function of time at one or more points downstream from the location of the injection.
There are number of nuclear magnetic resonance techniques for imaging and measuring tissue perfusion. Some are based on the indicator-dilution principle, and others depend on inherent MR mechanisms. Even though PET is still considered to be the gold standard for in vivo blood flow measurements, MR perfusion imaging is attractive because MR scanners are more readily available. Also, there is no ionizing radiation involved, and spatial resolution with MR is much superior to that obtained with PET. Furthermore, MRI offers the unique advantage of providing both anatomic and functional information with a single modality.
MR perfusion imaging techniques. In this section, we describe the basic mechanisms and derivation of perfusion information for several established MR perfusion techniques. The description is generally applicable to any tissue, and while many of the references provided in this section are concerned with brain perfusion, applications for the kidneys are also provided. It is useful to consider MR perfusion imaging techniques according to two major approaches: 1) techniques based on administration of an exogenous contrast agent, and 2) techniques that obviate the need for exogenous contrast administration. Each approach has advantages and disadvantages.
TECHNIQUES BASED ON EXOGENOUS CONTRAST AGENT ADMINIS-
TRATION. In radionuclide imaging, the tissue concentration of a radioactive tracer is measured over time and, using suitable tracer kinetic models, several physiological parameters related to blood flow are estimated (66, 153) . In principle, a similar approach is possible with MRI if a suitable tracer is available and measurements can be made with sufficient temporal resolution. With the evolution of ultrafast MRI techniques (26, 97) , the possibility of monitoring exogenous tracer kinetics in vivo using MRI has become a reality, not only in the brain but in most organs in the body. Several gadolinium (Gd) chelates, such as Gd-diethylenetriamine pentaacetic acid (DTPA; Magnevist, Berlex Labs, Montville, NJ), Gd-HP-DO3A (Prohance, Bracco Diagnostics, Princeton, NJ), and Gd-DTPA-BMA (Omniscan, GE Healthcare, Milwaukee, WI) are being routinely used as contrast agents in MRI and can serve as tracers for blood flow measurements.
Because signal changes can be quantitatively related to changes in local concentration of Gd, tracer kinetic principles can be applied to relate the measured concentration-time curves to different physiological parameters. From the measurements of the tissue and arterial concentration curves [C tissue (t) and C arterial (t)], the volume of distribution (V) of the agent can be calculated directly as
If the contrast material is restricted to the intravascular space, the volume of distribution reflects the blood volume V b within the tissue. The arterial concentration-time curve can be measured using additional simultaneously acquired images that include the feeding artery (109) . However, in the absence of arterial sampling, relative blood volumes can be inferred, assuming all the voxels within the image are fed by a single arterial source. It has been shown that with intravascular agents, accurate blood volume measurements can be obtained, but measurement of perfusion is more difficult (65) . The central volume principle, introduced by Stewart more than a century ago, relates the blood flow and blood volume to the mean transit time () (138) ϭ regional blood volume͑V͒ regional blood flow͑F͒ (2) Mean transit time is usually estimated by calculating the first moment of the measured concentration-time curve as shown below
where c out (t) is the concentration of the indicator measured at the outlet. This formulation, however, cannot be applied to imaging measurements because MR and other imaging measurements estimate the concentration within the tissue and not at the outlet (151) . Flow measurements made using the above formulation, however, can yield a semiquantitative index that may be clinically useful (151) . Equation 3 also assumes that c out (t) is measured in response to an instantaneous bolus of the tracer (mathematically described as a delta function). Because in practice this is not achievable, it is necessary to obtain an independent measure of the arterial concentration-time curve and deconvolve its distribution from the measured tissue concentration-time data.
There are currently no clinically approved MRI contrast agents that can be classified as intravascular. In all other tissue excluding the brain, Gd chelates leave the vascular space and distribute within the interstitial space. Hence, one cannot equate V to the blood volume. For the same reason, the signal intensity vs. time curve does not fully return to the baseline level over the measurement time. However, some useful perfusion indexes can be estimated and correlated with blood flow. Alternative pharmacokinetic models have been proposed to take into account the diffusion of contrast agents into the interstitium (62) . These are being widely applied to functional evaluation of tumors because it is not just blood flow but also changes in "permeability" of vessels that are of interest. Dynamic (exogenous) contrast (agent)-enhanced MRI is widely being accepted as a mainstream clinical tool in oncology (101) . Similar methods are being used in the evaluation of renal function because most of the currently approved Gd chelates for human use are freely filtered and excreted through the kidneys (54) . These techniques can also be used to evaluate the excretory function.
Recent advances in MRI contrast agents have introduced so-called intravascular agents. Owing to their physical size or by attaching Gd to macromolecules, these agents remain within the vasculature for significantly long periods of time. While several agents have been proposed and shown to be efficacious in preclinical evaluation, few have progressed toward approval for clinical use. One such agent, MS-325 (EPIX Medical, Cambridge, MA), has completed phase III clinical trials (67) . Ferumoxytol (Advanced Magnetics, Cambridge, MA) is an ultrasmall superparamagnetic iron oxide agent currently undergoing phase II clinical trials as a potential intravascular contrast agent (37, 76) .
TECHNIQUES BASED ON ENDOGENOUS CONTRAST MECHANISMS.
Techniques relying on exogenous contrast administration have certain limitations. Repeat studies are limited by the pharmacokinetics and the total amount of contrast that can be administered at one time. Perfusion MRI techniques that do not require exogenous contrast agents are available. These are based on the inherent motion sensitivity of NMR (69, 152) , the use of erythrocytes as an endogenous contrast agent (taking advantage of the magnetic susceptibility effect of deoxyhemoglobin) (98 -100), or water in the large vessels and subsequent utilization of it as a diffusible tracer (27, 28) . This last method allows for quantitative perfusion measurements. It is based on manipulating the magnetization of inflowing arterial blood and involves acquiring a flow-insensitive image and a flow-sensitive image and subtracting the former from the latter to remove the background tissue signals. For each image there is a delay period, during which the arterial blood enters the voxel in proportion to the perfusion F (Fig. 1) . The techniques are, in general, called ASL methods.
Detailed quantitative models for the interpretation of flow effects have been developed by combining single-compartment kinetics with the Bloch equations for relaxation (154) . However, the general quantitative features of inflow effects in these methods can be understood simply by considering the amount of blood entering the voxel and the magnetization carried by that blood. The equilibrium magnetization in the voxel is given by
where m 0 is the equilibrium magnetization of 1 mol of water, C t is the concentration of water in tissue (mol/ml), and v is the volume of the voxel (ml). The magnetization within the voxel can be viewed as being influenced by two conflicting processes: magnetization delivered to the voxel by arterial flow and then lost by relaxation and by venous flow. Assuming water is nearly 100% extracted from the blood as it passes through the capillary bed, the rate of loss via venous flow is much less compared with that due to relaxation and thus can be neglected. The analysis can be simplified by assuming that the T 1 of blood and tissue are the same. With these definitions, we can derive approximate expressions for ⌬M, the measured difference in magnetization. The arterial magnetization per mole of water at time t after the inversion pulse (an RF pulse that tips the longitudinal magnetization by 180°) is m 0 for one image (without preinversion pulse) and m 0 [1 Ϫ 2e Ϫt/T 1 ] for the other image, so ⌬m ϭ 2 m 0 e Ϫt/T 1 . Furthermore, the number of spins that entered the voxel up to time t after the inversion pulse is N ϭ FvC a t. Then, the total magnetization difference is ⌬M ϭ N ⌬m, or using the relationships defined above
where the partition coefficient of water is p ϭ C t /C a (C a is the concentration of arterial water). We can see that ⌬M is proportional to FT, where F is the regional blood flow, and T ϭ t e Ϫt/T 1 . The technique will be limited by T 1 , and the magnitude of change is small (on the order of few %). Nevertheless, with state-of-the-art MRI systems, sufficiently high SNR can be achieved so that these small changes can be readily measured. In addition, the observed signal changes can be modeled directly in terms of F, thus providing the potential for obtaining quantitative measurement of perfusion. The horizontal stripe is a representation of the transverse slice of interest through the kidneys. The thick hatched slab (right) represents a presaturation pulse applied to avoid any venous contribution to the observed signal intensity and to minimize any artifacts due to peristaltic motion in the abdomen. Two acquisitions were performed, one with and one without the labeling pulse. The difference image would then be a representation of all the labeled blood that enters the slice of interest. Obviously, this varies as a function of time delay between the labeling pulse and the acquisition. B: set of transverse (difference) images through the kidneys obtained after different delay times in a swine model with a chronic renal artery stenosis in the left kidney (right). Based on this set of data, it is possible to estimate absolute perfusion (115) .
Illustrative example: redistribution of intrarenal blood flow. Preliminary data were obtained in a small number of subjects (n ϭ 6) undergoing extracorporeal shock wave lithotripsy (ESWL), which results in a physical shock to the renal parenchyma in the vicinity of the focal point (92) . Figure 2 illustrates the signal intensity vs. time changes observed in the renal parenchyma following the bolus injection of Gd-DTPA. Note the absence of corticomedullary differentiation on the flowweighted images in the vicinity of the ESWL focal spot. Because Gd-DTPA is filtered through the kidneys without reabsorption, the signal intensity vs. time curves are in principle not amenable to analysis based on the central volume principle. However, semiquantitative indexes such as slope of the initial portion of the signal intensity vs. time curves can be used to compare data from two kidneys or from different subjects. Based on such analysis, cortical flow was reduced by ϳ29% with a concomitant increase in medullary blood flow by ϳ34% in the target region compared with the contralateral kidney. The redistribution of renal blood flow away from the cortex toward the medulla may be secondary to constriction of cortical arteries, resulting in shunting of blood to the medulla. This is known as Trueta phenomenon (146) . Such shunting has been demonstrated in renal artery stenosis, sepsis, and trauma (88) . Due to a lack of suitable techniques, the mechanisms responsible for such redistribution are not fully understood. It has been demonstrated that vasoactive substances may have an influence on the observed responses (141) . In a subsequent study (17) , it was shown that aminophylline abolished the drop in cortical flow with no significant change in the medulla. These results are consistent with previous findings that adenosine antagonism may prevent decline of renal function (10, 36) .
Even with extracellular agents, it has been shown that, by combining the upslope measurements with signal intensity vs. time data from the arterial blood supply, it is possible to derive quantitative absolute blood flow measurements (148) . This model assumes that, before exiting the kidney, the contrast agent behaves similarly to microspheres. Accordingly, renal perfusion per unit volume can be estimated by the following formula
The slope refers to the leading edge of the first pass signal intensity vs. time curve, and RP is renal perfusion. The denominator refers to the peak change in T 1 relaxation rate in the arterial blood. This measurement has been validated in an animal model in a recent study (89) . Illustrative example: intravascular agents for renal perfusion MRI. Alternatively, with the use of novel intravascular contrast agents, quantitative perfusion indexes can be obtained using the central volume principle. This was demonstrated using MS-325, the first small-molecule blood-pool contrast agent for MRI (67) . This Gd chelate binds reversibly with serum protein in plasma and leads to high relaxivity (5-10 times that of Gd-DTPA over a range of magnetic field strengths and concentrations). Excretion is still efficient because the protein binding is reversible. Due to these properties, MS-325 provides strong, persistent enhancement of the vascular space on T 1 -weighted MR images. Using this agent, first-pass perfusion MRI was used in an animal model of chronic renal artery stenosis to demonstrate feasibility of quantitative regional blood flow measurements (110) . Figure 3 is an example of first-pass perfusion MRI using a novel iron oxide-based contrast agent, ferumoxytol. Ferumoxytol, currently undergoing phase II clinical trials (37, 76) , consists of nanoparticles of iron oxide with a dextran coating for biocompatibility. Shown are T 2 *-weighted images of a kidney obtained following a bolus administration of ferumoxy- tol (1 mg/kg) in an anesthetized rabbit. Using a similar agent, quantitative regional blood flow estimations were reported (8, 132) using the central volume principle.
Illustrative example: ASL for renal perfusion MRI. ASL has been used for evaluation of renal perfusion (18, 28, 61, 85, 87, 115, 150) . The combination of MR angiography and ASL perfusion imaging provides a comprehensive assessment of both renovascular and renoparenchymal disease and hence provides a noninvasive approach to differentiate between diseased and normal kidneys (87) . These techniques may be particularly attractive for repeat measurements to monitor pharmacological and/or physiological stimuli. While ASL techniques provide adequate sensitivity to evaluate cortical flow, they may not be suitable for the evaluation of medullary blood flow. This may be related to relatively low blood flow to the region and also to the increased transit time for the labeled blood to arrive at the medulla.
Current status of perfusion MRI for routine clinical use. While proof of principle confirmations have been made with several methods of renal perfusion MRI, these techniques have not been translated into clinical practice. Myocardial perfusion, in clinical use in most major academic centers today, required more than a decade since the initial studies were performed. First-pass contrast-enhanced perfusion MRI in the brain is more widely used in the clinic; however, there is still no consensus on processing and presentation of the data.
The impact of perfusion MRI in the evaluation of ischemic renal diseases such as renal artery stenosis will depend on a better understanding of the relationship between the bulk flow in a stenosed vessel and perfusion within the kidney, as well as Fig. 3 . Use of intravascular contrast agents for perfusion MRI. Shown is a representative series of kidney images in a rabbit obtained using gradient echo sequence (TR/TE/FA ϭ 15/3 ms/10 0 ) with a temporal resolution of 2 s (right to left and top to bottom). Ferumoxytol at a dose of 1 mg/kg was administered as a bolus through an ear vein, and the acquisition of MRI was simultaneously initiated. Marked in the 1st time frame (precontrast) are the abdominal aorta (solid arrow) and vena cava (solid arrowhead), respectively. Note in the 3rd time frame that the aorta goes completely dark. In the next time frame, the cortex gets dark (arrow), and by the 7th time frame the medulla goes completely dark whereas cortex recovers, and by the 13th time frame the vena cava becomes dark. Based on this type of dynamic scanning, one can obtain concentration vs. time profiles and fit them to appropriate mathematical models to extract various perfusion indexes (140) . the compensatory mechanisms that may preserve tissue perfusion. In ischemic heart disease, while coronary artery stenosis is detected with angiography, its functional significance is evaluated by myocardial perfusion, particularly with a combination of "stress" (108) . In ischemic brain injury, such as during a stroke, angiography is primarily used to detect stenosis in major vessels and perfusion to evaluate regional blood flow deficits (5) . However, in the kidney, the status quo is to detect renal artery stenosis by angiography (including MR angiography) and radionuclide renography, particularly in combination with angiotensin-converting enzyme (ACE) inhibition (144) . Blood flow measurements in the renal arteries [by Doppler ultrasound (118) and MRI (133, 134) ] are being evaluated as a means to assess functional significance. Preliminary experience with perfusion MRI measurements in a chronic stenosis model using two different techniques (110, 115) has not yet yielded consistent results. Physiological adaptation may explain the inconsistency. "Stress" perfusion imaging paradigms may need to be considered. In addition to the diagnostic application of perfusion MRI, there is also the potential value of noninvasive perfusion information with adequate spatial resolution to resolve the intrarenal compartments to better understand renal physiology in both health and disease.
Renal Excretory Function by Dynamic Contrast Enhancement Techniques
Like inulin and iodinated contrast agents, Gd chelates are predominantly cleared by glomerular filtration (98%) without tubular secretion or reabsorption. Therefore, calculation of glomerular filtration rate (GFR) is feasible using Gd-DTPA by the formula GFR ϭ U‫ء‬V/P
where V is the urine flow rate (ml/min), U is the substance concentration in urine, and P is the substance concentration in plasma.
With MR, the measurement of concentration of the contrast agent is based on relaxivity changes in urine, blood, or kidney or via measurement of signal intensity within the kidneys. One of the first studies to show the feasibility of GFR measurements by MR was based on blood and urine samples and ex vivo MR measurements of T 1 (21) . A very good correlation was demonstrated with radionuclide-based GFR measurement. Subsequently, in vivo measurements of Gd concentrations in the blood were used to estimate GFR. In this method, the extraction fraction (EF) was estimated by measuring the difference in Gd concentration ([Gd]) in the artery and vein.
EF Gd ϭ ͓Gd͔ artery Ϫ ͓Gd͔ vein ͓Gd͔ artery (8) Gd concentration was estimated using T 1 measurements before and after contrast administration in the renal artery and vein.
With an additional measurement of renal blood flow (RBF) using the phase-contrast method in the renal artery, GFR can be estimated using
where Hct refers to the hematocrit. Several groups have published results based on this approach to measure single-kidney GFR (22, 31, 96) . The major disadvantage of this approach is the necessity for concentration and blood flow measurements in relatively small vessels. Alternately, single-kidney GFR can be estimated based on monitoring intrarenal signal kinetics. Bauman and Rudin (9) proposed a first-order kinetic model of the kidney that consists of two compartments, the cortex and medulla, and a rate constant between the two representing the rate of clearance of tracer from the cortex. d͓Gd͔ m dt ϭ k‫͓ء‬Gd͔ c (10) [Gd] m, c are the time-varying concentrations of Gd in the medulla and cortex, respectively, and k is the flow rate between the two compartments, presumed to represent renal clearance. Preliminary validation in a small-animal model has been reported (68) . An alternate two-compartment model (136) and a more expansive multicompartmental model have also been proposed (70) . An alternative analytic method based on the Patlak plot technique has also been proposed, and preliminary validation has been provided (47, 48) . This method also assumes a two-compartment model; however, these include vascular and nephron compartments. The renal tissue concentration of Gd is presumed to be the sum of the vascular and nephron compartments. Therefore, the concentration of Gd in one kidney [
K(t)] is given by
K͑t͒ ϭ B͑t͒ ϩ Q͑t͒ (11) where B and Q refer to the vascular and nephron compartments. If Gd concentration in the vascular compartment is assumed to be the same as that in the descending aorta (13) where c 2 represents the clearance of Gd from the vascular to nephron compartment. Substituting for B and Q in to Eq. 11 and rearranging terms
This is now in the form of a linear equation with the slope representing the clearance (which within certain limits can be assumed to represent GFR), and the intercept a measure of vascular volume. Corrections for hematocrit and relaxivity differences can be incorporated. Overall, the advantage of this technique is its relative simplicity in terms of analysis, an important consideration for routine clinical use. This method is currently being evaluated in a clinical setting (58) .
Other applications in which dynamic contrast enhancement kinetics could provide valuable information for comprehensive evaluation include ureteral obstruction (59, 93, 123, 124) and evaluation of renal transplants (1, 30) .
Current status of GFR estimation by MRI for routine clinical use. As with perfusion MRI, proof-of-concept validations have been reported with many different approaches. However, the techniques are still evolving and have not been translated in to the clinic. Like perfusion MRI, acquisition of dynamic contrast-enhanced data is relatively straightforward. It is the analysis of the acquired data that is not yet streamlined. If analysis tools were available on the scanner or associated platforms, this could increase the clinical availability. Qualitative or semiquantitative approaches can be readily implemented in the clinic (as illustrated in the example below).
Illustrative example: functional significance of renal artery stenosis. Most anatomic tests, such as conventional angiography and MR and CT angiography, are limited in their ability to diagnose renal vascular disease because they rely on renal artery stenosis as the sole criterion. A physiological imaging diagnosis of renal artery stenosis is currently made using angiotensin-converting enzyme inhibitor (ACE-I) renal scintigraphy and is arguably a good predictor of response to therapy (16, 39) . The signal intensity-time curves obtained with predominantly T 1 -weighted sequences (such as those used for acquiring contrast-enhanced MR angiography) can be used in concert with ACE inhibition to differentiate kidneys supplied by stenotic renal arteries (44, 114) .
This approach parallels ACE-I renal scintigraphy, and hence is called MR-renography. The advantage of MRI is that it can be readily combined with anatomic information such as MR angiography. Preliminary feasibility has been reported both in animal models (Fig. 4) (114) and in human subjects (44) .
These data could be subject to semiquantitative analysis to compute split renal function. By integrating the signal intensity measured over the renal parenchyma (usually between 1 and 2 min after injection of contrast) and multiplying by the volume of the region of interest, one can estimate the single-kidney function (F left and F right ). Split renal function is given by
A high correlation (r ϭ 0.97, P Ͻ 0.001) was reported for F% estimates by MR renography compared with radionuclide renography (145) . Given the importance of renal artery stenosis in the diagnosis of renal vascular disease, it is important to consider other techniques with potential predictive value. MR is capable of estimating blood flow velocities as a function of cardiac phase (cine phase-contrast-flow measurements), and hence measurements of resistive index [1 Ϫ (end-diastolic velocity/maximal systolic velocity) ϫ 100] are potentially feasible. Schoenberg   Fig. 4 . Illustration of renal function as evaluated by dynamic MRI following administration of Gd-DTPA, a positive contrast agent (i.e., with higher concentrations, the signal is increased). Shown are longitudinal relaxation (T1)-weighted MR images obtained in a chronic renal artery stenosis model in swine at representative time points following Gd-DTPA (0.05 mmol/kg) and following administration of captopril (118) . The top row was obtained 1 wk postsurgical placement of an MRI-compatible ameroid constrictor around the renal artery (seen on the X-ray angiograms on the right). The bottom row was obtained in the same animal 5 wk later. Note the severity of the renal artery stenosis, especially the poststenotic vessel dilatation, a classic sign of hemodynamically significant stenosis. Whereas at week 1, the contrast washout is almost complete and symmetrical, at week 6, with the progression of stenosis to a point of being hemodynamically significant, the washout in the affected kidney is rather limited. et al. (134) have reported on a multireader tricenter study to evaluate efficacy of MR angiography and cine-PC-flow measurements in characterizing renal artery stenosis. The combined techniques led to better interobserver agreement. Even though potentially feasible, the resistive index was not estimated in this study. A further study reported that the combination of cine PC flow and MR perfusion measurements by ASL technique offers a comprehensive assessment of both renovascular and renoparenchymal disease and provides a noninvasive approach to differentiating between these kidneys and normal kidneys (87) . These studies highlight the notion of comprehensive evaluation afforded by MRI methods. However, these studies only provide proof-of-principle, and further studies based on multicenter and multivendor platforms are necessary for widespread acceptance.
Oxygenation
Oxygen is one of the key nutrients transported by blood to the tissue, and in most tissues regional PO 2 closely follows the level of regional blood flow. Although total renal blood flow is the highest in the body with respect to organ weight, most of it is directed toward the cortex to optimize glomerular filtration and reabsorption of solute. By contrast, blood flow to the medulla is low, to preserve osmotic gradients and enhance urinary concentration (15) . Furthermore, the anatomic arrangement of the tubules and the vasa recta within the medulla leads to diffusion of oxygen from the arterial to the venous side. The medullary thick ascending limb is primarily responsible for the generation of an osmotic gradient by active reabsorption of sodium, a process that requires a large amount of oxygen. Taken together, the medulla functions in a hypoxic milieu (15, 34) .
Blood oxygenation level-dependent MRI for study of renal medullary hypoxia. Blood oxygenation level-dependent (BOLD) MRI has been used extensively in other organs (e.g., the brain) (86, 120, 147) . The BOLD MRI technique exploits the fact that the magnetic properties of hemoglobin vary, depending on whether it is in the oxygenated or deoxygenated form. This affects the T 2 * relaxation time of the neighboring water molecules and, in turn, influences the MRI signal on T 2 *-weighted images. The rate of spin dephasing, R 2 * (ϭ1/T 2 *), is closely related to the tissue content of deoxyhemoglobin. Because the PO 2 of capillary blood is assumed to be in equilibrium with the surrounding tissue, changes estimated by BOLD MRI can be interpreted as changes in tissue PO 2 (32, 95, 111, 112) . A strong correspondence has been demonstrated between renal BOLD MRI measurements in humans (111, 112) and rodents (117) and earlier animal data obtained using invasive microelectrodes (12) . Changes in medullary PO 2 are produced by the administration of furosemide, but not acetazolamide. Furosemide, a loop diuretic, reduces the reabsorptive work in the thick ascending limbs and hence improves medullary oxygenation, whereas acetazolamide results in similar diuretic effect but acts on the cortical portion of the nephron and shows minimal change in medullary oxygenation. While Brezis et al. (12) reported an increase in cortical PO 2 following acetazolamide using microelectrodes, BOLD MRI failed to record a similar response, probably due to the reduced sensitivity to cortical PO 2 based on the hemoglobin oxygen saturation curve. Figure 5 illustrates BOLD MRI application to intrarenal oxygenation, from a 24-g mouse to a 250-g rat, all the way to a 70-kg human.
BOLD MRI: application to ischemic renal injury. Early studies tested the hypothesis that the compromise of endogenous protective mechanisms fails to maintain medullary oxygenation status and leads to manifestation of disease and/or disease progression. Using the BOLD MRI technique, it was shown that age and diabetes, both recognized as predisposing factors for acute renal failure, are associated with reduced prostaglandin production, a hypothesized protective mechanism (35, 113) . This was done by demonstrating differences in the response to water loading compared with age-matched controls. Furthermore, it was demonstrated that young subjects, who showed a significant improvement in renal medullary PO 2 during water loading, failed to do so when pretreated with ibuprofen. Prior observations using microelectrodes suggest that the development of radiocontrast nephropathy requires elimination of prostaglandin and nitric oxide systems (4). These observations were duplicated using BOLD MRI (116) .
Other applications of BOLD MRI measurements include studying effects of renal artery stenosis (60) and diabetes (121) . In a carefully performed study in large animals, Juillard et al. (60) found significantly reduced oxygenation in both the cortex and medulla during acute reduction in blood flow. The authors also comment that "BOLD MRI is the only technique currently available that allows noninvasive measurement of oxygen content in the kidney." They also suggest that new functional tools, such as BOLD, capable of detecting ischemia and characterizing patterns of intrarenal oxygen levels, may assist in identifying patients that may more likely benefit from therapeutic interventions. Alford et al. (6) also used an acute renal artery obstruction model and observed a significant increase in renal R 2 * values. The contralateral kidney showed no such change. They also demonstrated the R 2 * values return to baseline on release of the obstruction.
In swine, Pedersen et al. (107) have shown correspondence between BOLD MRI and simultaneous microelectrode measurements performed within the contralateral kidney. They also demonstrated changes in intrarenal oxygenation following 24-h unilateral ureteral obstruction (UUO). They observed the cortical R 2 * to increase (implying lower oxygenation) while the medullary R 2 * values decreased (implying better oxygenation). The mechanisms involved are not yet understood, however, metabolic work in the medulla may be reduced during unilateral ureteral obstruction.
In probably the first preliminary clinical application of the BOLD MRI technique, Sadowski et al. (128) have shown that medullary R 2 * values are significantly lower in transplanted kidneys that were in acute rejection compared with functional transplants and transplants with acute tubular necrosis (ATN). This finding is important because it could potentially minimize the use of percutaneous transplant biopsies.
Ries et al. (121) have used a model for type I diabetes, streptozotocin (STZ)-induced diabetes in rats, and have shown using BOLD MRI that the oxygenation in all compartments of the kidney is significantly reduced. By comparing the observed changes on BOLD with histological changes, the authors further conclude that the observed MR changes are not influenced by anatomic or histological changes. The observed . Left: first image of 8 echo images acquired. Right: corresponding calculated rate of spin dephasing (R2*)map. The corticomedullary differentiation on both the anatomic image and R2* map are remarkable. The medulla appears darker on the T1-weighted anatomic images, whereas on the R2* maps it appears bright (signifying relatively low regional blood and hence tissue PO2). B: set of pre-and postpharmaceutical R2* maps in rat kidneys in the axial plane (500-m in-plane and 3-mm slice thickness). While this was not performed to address any specific scientific question, it is a very nice demonstration of the advantage and efficacy of the technique. These images were all acquired within ϳ1 h, with about 10 min between administration of different agents. Furosemide stops the reabsorptive function along the medullary thick ascending limbs and thereby reduces the oxygen consumption in the medullary segments. Thus one can observe a reduction in the brightness of R2* maps in the medulla (lower R2* implies better oxygenation). ANG II is a vasoconstrictor that is commonly used, and we observed little effect on the R2* maps. However, following subsequent administration of N -nitro-L-arginine methyl ester (L-NAME) and norepinephrine (potent vasoconstrictors), there was a significant increase in R2*, predominantly in the renal medulla. C: BOLD MRI data in a mouse kidney. Shown are data acquired in a 24-g mouse using a dedicated 2-cm surface coil on a standard 3.0-T whole body scanner (same as for A and B). This figure provides clear indication of the power of the technology in terms of its scaling and how observations could be translated from a mouse models to humans very easily. Shown are 1 representative image (left; of 6 individual echo images) obtained in the coronal plane (160-m in-plane and 500-m slice thickness) and the calculated R2* map (right). CO, cortex; OM, outer medulla.
change is interpreted as due to increased oxygen consumption related to hyperfiltration.
BOLD MRI: application to hypertension. Renal dysfunction may also play a role in the development of hypertension in humans and laboratory animals (56, 57) . A role for the kidney was first proposed three decades ago (46) , based on evidence that renal function vs. blood pressure curve shifts to the right in kidneys with hypertension.
BOLD MRI studies indicate that kidneys of hypertensive rats have reduced nitric oxide bioavailability (74) that may be reversed by suitable pharmacological interventions such as superoxide scavengers (73) . Baseline R 2 * values in the renal medulla of spontaneously hypertensive rats were significantly high (i.e., low oxygenation) compared with those in the WistarKyoto strain and do not respond to nitric oxide synthase inhibition by N -nitro-L-arginine methyl ester (Fig. 6A) . Similarly, it was also shown that renal medullary R 2 * drops (i.e., oxygenation improves) significantly following administration of tempol in spontaneously hypertensive rats but not in WistarKyoto rats (Fig. 6B) . With a better understanding of these and other such protective mechanisms, it may be possible to implement suitable interventions to prevent renal disease progression associated with hypertension. More importantly, these measurements may be extended to human studies (71, 72) .
Current status of renal BOLD MRI for routine clinical use.
Compared with perfusion imaging and renography, BOLD MRI is a relatively simple implementation. Even though the multiple-gradient echo (mGRE) sequence is not yet a standard sequence, it is available as a research sequence on most major vendor platforms. The analysis is relatively simple and could be performed on scanner platforms. Both short (155)-and long-term (75) reproducibility have been established. As more investigators become interested in performing these studies, the number of applications will increase.
Other fMRI Techniques and Recent Developments
We have covered three major fMRI methods that are relatively mature and could allow for translation to human studies today. However, there are several other techniques that have been demonstrated as potential fMRI methods with specific applications to the kidney. These include diffusion measurements in the kidney (79, 94, 122, 135) , pH measurements (119) , and, more recently, sodium MRI (84) . While diffusion measurements certainly provide opportunities for tissue characterization, it is not quite clear what the measured values represent in terms of the functional status of the kidney. A more recent development is the feasibility of performing sodium (Na) MRI (84) to follow the urinary concentrating process directly. MRI has the ability to directly measure the tissue sodium concentration noninvasively. However, it necessitates custom coils that either are tuned to Na frequency or doubly tuned coils so that one can perform both proton (H) and Na MRI. Because Na MRI is at least an order of magnitude lower compared with proton MRI and the concentration of Na is 100-fold less than water, the signal-to-noise ratios are significantly lower on Na MRI compared with proton images.
There are a number of other developments that may potentially open up new methods to probe tissue characterization and function by MRI. These include novel contrast agents that allow for evaluation of regional pH (119) and hyperpolarized 13 C (42), which may give rise to novel applications for both imaging and spectroscopic applications.
Pathologically altered renal physiology can manifest as perturbations in both systemic and renal pH. Methodologies to image the spatial distribution of tissue pH would have considerable biomedical and clinical relevance by enabling noninvasive assessment of disease extent, progression, and response to therapy. Several approaches have been proposed to measure tissue pH by magnetic resonance. Some exploit the difference in 31 P or 1 H resonances (90, 142, 149) . However, these are limited in terms of imaging applications. Certain Gd complexes (e.g., Gd-DOTA-4AMP, Macrocyclics, Dallas, TX) offer the possibility of imaging pH with a spatial resolution comparable to standard MRI (90, 142, 149) . Whereas proofof-concept has been demonstrated (119), the technique is in the very early stages of development and several practical issues must be addressed, including the applicability of the compounds to human use.
Conventional polarization (as defined earlier) is limited by field strength. However, there are alternate methods to improve the polarization of exogenous substances and hence are termed hyperpolarization. Hyperpolarized noble gases ( 3 He and 129 Xe) are being successfully used for MRI of airways in the lungs (83, 129, 130) . However, the low solubility of these gases in Fig. 6 . A: illustration of individual changes post-L-NAME in spontaneously hypertensive (SHR) and Wistar-Kyoto (WKY) rats. The average (means Ϯ SE) of all points acquired at least 20 min after L-NAME administration was used as postmaneuver R2*. Mean R2* values pre-and post-L-NAME in the renal medulla were averaged over all rats of each strain. WKY rats showed significant response to L-NAME in the medulla, as evaluated by BOLD MRI measurements. SHRs did not show significant response to L-NAME. Also, note that the pre-L-NAME, R2* in SHRs is similar in magnitude to post-L-NAME in WKY. blood makes these agents unsuitable for most other applications. The feasibility of hyperpolarizing 13 C as a part of a water-soluble molecule has been demonstrated. Two polarization techniques, parahydrogen-induced polarization (43) and dynamic nuclear polarization (42) have been shown to be useful in producing hyperpolarized 13 C. High polarizations on the order of 15% are possible with a concentration of 200 mM in water. These properties make it very promising for MR angiography and such feasibility was recently demonstrated (143) . Preliminary demonstration of cerebral perfusion has also been reported (55) . The major advantage of using hyperpolarized 13 C for perfusion imaging is that the signal is directly related to concentration of the agent, a serious issue with currently available dynamic susceptibility-based contrast approaches. However, other issues arise with the use of hyperpolarization. Higher concentrations and longer relaxation times of the agent may be necessary for blood flow measurements (55) . Also, one has to measure the depolarization rate to allow for quantitative blood volume and mean transit time estimates.
The concept can be further developed to produce hyperpolarized 13 C in endogenous substances. Feasibility has been demonstrated in angiograms using [ 13 C]urea polarized by the dynamic nuclear polarization method. This could potentially lead to functional/molecular imaging using endogenous substances (41), because MRI of 13 C-labeled glucose was shown to be feasible years ago (91) . By hyperpolarization, these techniques could be made more efficacious for routine applications. This approach will combine the superior spatial resolution of MRI and the specificity of techniques like PET. The major limitation of this technology is that the polarization is relatively short lived, on the order of 1 min. This will necessitate fast imaging approaches and also the need for an onsite drug delivery system.
CONCLUDING REMARKS
We have reviewed the current state-of-the-art techniques in terms of fMRI as applied to the kidneys. While the motivation for fMRI is multifold, we believe the utility for translational research from preclinical models to humans is most compelling. The particular advantages of MRI technology are 1) it is scalable from mouse to humans; and 2) its noninvasive nature make it useful for longitudinal studies.
Because exquisite anatomic detail can be obtained, fMRI is uniquely suitable for a better understanding of spatial and temporal responses to interventions.
The ability to perform multiple fMRI techniques could allow for multiparametric analysis; e.g., perfusion and BOLD MRI could potentially allow for the separation of blood flow changes from oxygenation changes or Na and BOLD MRI to monitor in parallel the Na excretion dynamics along with intrarenal oxygenation changes.
Because access to MRI until recently has been predominantly in the radiological community, the applications have been primarily driven by diagnostic utility and specific research questions. However, as MRI is gaining widespread acceptance as a functional or physiological imaging tool and with more cross-disciplinary collaborations being established, its role in understanding physiology and pathophysiology will increase. This may result in improved sensitivity and/or specificity of diagnostic evaluations, and more importantly, identification of biomarkers to evaluate novel therapeutic and preventive maneuvers.
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